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Evidence for the existence of another hepatitis-causing pathogen, other than the known
hepatitis A and B viruses, emerged in the mid-1970s. A frustrating search of 15 years was
ended by the identification of the hepatitis C virus in 1989 using a recombinant DNA im-
munoscreening method. This discovery quickly led to blood tests that eliminated posttrans-
fusion hepatitis C and could show the partial efficacy of type 1 interferon-based therapies.
Subsequent knowledge of the viral replication cycle then led to the development of effective
direct-acting antivirals targeting its serine protease, polymerase, and nonstructural protein 5A
that resulted in the approval of orally available drug combinations that can cure patients
within a few months with few side effects. Meanwhile, vaccine strategies have been shown
to be feasible, and they are still required to effectively control this global epidemic.

ith the advent of the discoveries of the

hepatitis B virus (HBV) in the 1960s by
Baruch Blumberg and colleagues (Bayer et al.
1968) and the hepatitis A virus (HAV) in the
early 1970s by Feinstone et al. (1973), it became
evident, surprisingly, that most transfusion-as-
sociated hepatitis cases were caused by neither of
these viral infections (Prince et al. 1974; Fein-
stone et al. 1975), thus heralding the era of non-
A, non-B hepatitis (NANBH). In those days of
large multiunit blood transfusions and the use of
paid blood donors, rather than the use of volun-
teer blood today, the incidence of posttransfu-
sion NANBH (ptNANBH) could be as high as
5%-10% (Hollinger et al. 1980). Initially per-
ceived as a minor disease because of the lack of
significant morbidity during the acute phase of
infection, it gradually became apparent that this
form of hepatitis frequently persisted as a chron-

ic condition that could slowly lead to chronic
hepatitis and liver cirrhosis, which in turn could
lead to end-stage liver disease and hepatocellular
carcinoma (Alter 1980). This knowledge ush-
ered in an intense effort to discover the etiolog-
ical agent(s) that, after a long delay, led to the
identification of the hepatitis C virus (HCV) in
1989.

HCV DISCOVERY

The basic challenges in identifying HCV were its
much lower titer relative to HAV and HBV; the
lack of a defined, specific antibody or antigen,
which was key to the discovery of HBV (Bayer
et al. 1968); the lack of a defined viral morphol-
ogy evident in the electron microscope, as in the
discovery of HAV (Feinstone et al. 1973); and
the lack of an in vitro system for propagating
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virus, which was instrumental in the discovery
of HIV (Barré-Sinoussi et al. 1983). Our work
also predated the routine use of the powerful
polymerase chain reaction (PCR) nucleic acid
amplification technology.

Starting in 1982, my laboratory at the Chiron
Corporation used blood samples from patients
diagnosed with NANBH, as well as liver tissue
obtained from autopsies of NANBH patients
provided by Tatsuo Miyamura from the Japa-
nese National Institutes of Health (NTH). Quick-
ly realizing that the quality of nucleic acid
extracted from autopsied liver tissue was poor,
we sought a collaboration with Dan Bradley of
the Centers for Disease Control and Prevention
(CDC) who was using the chimpanzee model
for NANBH (Bradley et al. 1979) and who could
provide fresh samples of blood and liver biopsies
yielding intact nucleic acid. Much of our work
was focused on using recombinant DNA meth-
ods to identify a cloned cDNA derived from a
viral mRNA or genome present in NANBH tis-
sue that was absent from control tissue using
highly radioactive hybridization probes made
from each tissue (+/— hybridization probes). Al-
though this was successful at identifying many
interesting genes clearly modulated by NANBH
infection, no viral clones could be identified after
several years of effort. This led us to request (and
cofund) the CDC to determine the infectious
titer of chimpanzee samples in an effort to pro-
duce samples equivalent to that of the NIH’s
patient H plasma determined in ~1980 to have
a chimpanzee infectious titer of 10°> per mL
(CID*°/mL) (Feinstone et al. 1981). This led to
Dan eventually supplying us with chimpanzee
plasma of ~10° CID/mL as well as liver tissue
samples from such animals. Unfortunately, we
were still unable to identify viral clones with
these samples using +/— hybridization probe
methods or using hybridization probes derived
from the known HBV, HDV, picornaviral, toga-
viral, and flaviviral genomes. In addition, many
other attempts using these materials to produce
viral-specific monoclonal antibodies, to identify
a large viral genome by silver staining of electro-
phoresis gels, to identify a viral reverse transcrip-
tase activity, and to produce a virus-propagation
cell culture system all failed along with addition-

al approaches. The main contributors in my lab-
oratory in this time-consuming and frustrating
work were Qui-Lim Choo, Amy Weiner, and
Kangsheng Wang with invaluable support and
guidance from Lacy Overby, who had previously
pioneered the introduction of HAV and HBV
diagnostics while at Abbott Laboratories.

In late 1985 and early 1986, in addition to
continuing with most of the above approaches,
we also started a new approach involving im-
munoscreening ¢DNA libraries made from
NANBH-infected chimpanzee livers and plasma
using NANBH patient sera as a presumptive
source of virus-specific antibodies. Although
this approach did not always work even when
using very well defined antibodies and despite
the known chronicity of NANBH suggesting a
poor immune response, I decided to try what
hitherto I and many others had considered a
very risky approach (indeed, many illustrious
members of our science advisory board recom-
mended against this approach). George Kuo in
the neighboring laboratory to mine working on
Factor 8 characterization was an ardent enthusi-
ast of this approach and he was largely responsi-
ble for stimulating me to try it. Dan Bradley was
also a supporter of this strategy and was already
providing chimpanzee samples to another group
using this approach in a separate and indepen-
dent collaboration.

Initially, I prepared cDNA libraries from
poly(A)" mRNA from four NANBH-infected
chimpanzee livers in the lambda gt11 phage.
The latter had been developed at Stanford to
enable high-throughput cDNA immunoscreen-
ing (Young and Davis 1983). George optimized
the detection methods using I'**-radiolabeled
antihuman Ig and Qui-Lim carefully screened
many millions of clones, but none of the posi-
tives could be proven to be of viral origin. Next, I
made a random-primed gt11 cDNA library ex-
tracted from NANBH-infected chimpanzee
plasma based in part on Dan’s proposal that
the NANBH agent could possibly be flavi- or
toga-like, and toga-like agents as classified at
that time were known not to possess poly(A)*
tails. Again, however, no viral clones could be
identified from Qui-Lim’s screening. In making
another cDNA library from NANBH-infected
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chimpanzee plasma derived from both extracted
RNA and DNA (not knowing what the elusive
viral genome comprised), I encountered severe
problems with the aqueous nucleic extract form-
ing a viscous gelatinous layer. Almost on the
point of discarding this extract, I persisted in
making the cDNA library with little expectation
of success and Qui-Lim screened it with his
usual exceptional care, this time using serum
derived from a chronically infected NANBH pa-
tient. This patient displayed an unusually high
serum alanine aminotransferase level indica-
tive of unusually severe chronic NANBH. We
thought that perhaps this patient may have
higher levels of circulating viral antibodies.
Previously, we had mainly used serum from con-
valescent humans and chimpanzees (we now
know that chronic HCV patients have higher
levels of anti-HCV antibodies than individuals
who have spontaneously resolved their acute in-
fections).

Qui-Lim found five positive clones. Intrigu-
ingly, a couple were derived from the small
amounts of MS2 phage RNA that I had added
to the plasma extract as carrier meaning that this
patient had antibodies to this bacteriophage, an
example of the power of this immunoscreening
approach. Two other clones were derived from
the chimpanzee genome, leaving one, named
clone 5-1-1 by Qui-Lim, as the one remaining
candidate for a NANBH viral origin. Almost
unbelievably, after nearly 5 years of searching
full-time for the etiological agent of NANBH,
we were able to show the following:

1. The 5-1-1 encoded antigen bound to the ma-
jority of human NANBH sera tested but not
to control human sera.

2. 5-1-1 and overlapping clones were not de-
rived from the chimpanzee or human ge-
nome using Southern blot analyses.

3. 5-1-1 was derived from a single-stranded
RNA molecule that directly encoded the im-
munoreactive antigen (and was therefore
positive-stranded).

4. Clone 5-1-1 was derived from a large
(~10,000 nucleotides) poly(A)™ RNA ge-
nome found only in NANBH-infected
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chimpanzee livers but not in control liver
samples.

5. Blood recipients from the Kansas City
blood bank undergoing acute posttransfu-
sion NANBH seroconverted to anti-5-1-1
antibody;

6. Chimpanzees experimentally infected with
NANBH by Dan seroconverted to anti-5-1-
1 antibody, whereas his animals infected with
HAV or HBV did not.

7. The deciphered partial nucleotide sequence
of the large RNA molecule encoding clone
5-1-1 was very distantly related to the
flaviviruses.

At this point in late 1987, Qui-Lim, George,
and myself considered that we had identified the
causative agent of blood-borne NANBH (Fig. 1),
called it the hepatitis C virus (HCV), and filed
the first of many patent applications. The work
was officially published in early 1989 (Choo
et al. 1989).

PROTECTING THE BLOOD SUPPLY

Our next objective was to try to protect the blood
supply using a diagnostic based on the C100-3
antigen (encoded by clone 5-1-1 and its imme-
diately adjacent clones). However, we knew that
the chronically infected and infectious chimpan-
zee plasma from which we derived these clones
(CDC #910, otherwise called “Rodney”) did not
have circulating anti-C100-3 antibodies, where-
as another infectious, chronically infected CDC
chimpanzee plasma did (chimpanzee “Don”).
We therefore next assayed a blinded panel of
sera from Harvey Alter of the U.S. NIH contain-
ing both proven infectious sera and proven non-
infectious control sera. Fortunately, using our
prototype anti-C1003 enzyme-linked immuno-
sorbent assay (ELISA), we were able to show the
specific detection of anti-C100-3 antibodies in
most of the proven infectious samples but not
in the noninfectious controls (Kuo et al. 1989).
Furthermore, after assaying many different U.S.
NANBH patients from Harvey, we were able to
detect seroconversion to anti-C100-3 antibodies
in most cases along with at least one positive
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Figure 1. Schematic of identification of the causative agent of blood-borne non-A, non-B hepatitis (NANBH).

blood donor implicated in the majority of these
transfusion NANBH cases. Simultaneously, we
received other NANBH blood samples from Tat-
suo Miyamura in Japan, Ferruccio Bonino and
Massimo Colombo in Italy, and Gary Gitnick,
Gary Tegtmeier, Al Redeker, Jules Dienstag,
Miriam Alter, and Cladd Stevens in the United
States, from which we were able to show that
anti-C100-3 antibodies were present in most of
these chronic cases of NANBH, although their
presence was much lower in the early acute phase
ofinfection. This told us that HCV was the major
cause of parenteral NANBH around the world
(Kuo et al. 1989).

The first commercial test for anti-C100-3
antibodies was approved in Japan in 1989, fol-
lowed by the United States and other countries
in 1990 and later. Meanwhile, we “walked” along
the genome of HCV sequencing overlapping
clones and discovering additional antibody epi-
topes that improved the sensitivity of our anti-

HCV detection ELISAs. When combined later
with nucleic acid tests detecting the HCV ge-
nome using reverse transcription polymerase
chain reaction (RT-PCR) and transcription-me-
diated amplification (TMA) techniques, trans-
fusion-associated hepatitis C was effectively
eliminated in those countries that implemented
these tests.

KNOWLEDGE OF THE VIRAL LIFE CYCLE
LEADS TO THE CURE

Although type 1 interferon had been shown to
be of benefit to some NANBH patients, later
improved with the use of pegylated interferon-
o and the addition of ribavirin, this evolved
therapy still often required at least a year of ther-
apy and was associated with significant toxicity.
It also cured only ~50% of patients (McHutch-
ison et al. 2009). Developing new drugs target-
ing the viral life cycle then became paramount.
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The genomic sequence revealed that it encoded
motifs highly conserved among viral polymer-
ases and chymotrypsin-like serine proteases
(Choo et al. 1991). Given the successful history
of developing drugs to similar targets for HBV
and HIV, these became the focus of developing
direct-acting antivirals (DAAs) for HCV. Un-
fortunately, progress was slow because the
HCV protease to this enzyme did not have
such a highly druggable, defined active site as
did HIV. Also, many candidate drugs were ruled
out by toxic side effects either in animals or in
the clinic. Eventually, first-generation protease
inhibitors were approved for human use that
significantly improved therapeutic options for
patients. Later, more potent and better-tolerated
second-generation protease inhibitors became
available in 2012 (for review, see de Leuw and
Stephan 2018).

Because polymerase inhibitors had formed
the cornerstone of therapy for HBV and HIV
because of their cross-clade efficacy and high
barrier to drug resistance, much effort was
expended in developing specific HCV polymer-
ase inhibitors. This eventually translated to the
approval of sofosbuvir in 2013, which remains
the only approved polymerase inhibitor of HCV
at the time of writing (Sofia et al. 2010). The
development of cell-based replicons of HCV
from the leading virology laboratories of Ralf
Bartenschlager and Charles Rice not only great-
ly facilitated gaining a knowledge of the viral
life cycle over the next decades but also pro-
vided valuable drug screening and drug devel-
opment tools (Lohmann et al. 1999; Blight et al.
2000).

Highly creative use of these replicons result-
ed in the discovery of the most potent antivirals
ever developed for any virus, the nonstructural
protein 5A (NS5A) inhibitor daclatasvir (Lemm
et al. 2011). Despite NS5A not being a typical
enzyme but essential for viral production, this
symmetrical small molecule binds to the natural
NS5A dimer to inhibit its action and its oligo-
merization with high affinity and huge potency.
Derivatives of this drug have been developed by
various groups, which led to the approval of the
combination of ledipasvir and sofosbuvir in
2014 by Gilead (Gane et al. 2014). This cured
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the large majority of patients after just 1-3
months of therapy and was well-tolerated. A
newer duo combination comprising another
derivative of daclatasvir (velpatasvir) with sofos-
buvir is equally effective against all HCV geno-
types (Weisberg and Jacobson 2017). Today,
several companies have various all oral, small-
molecule drug combinations approved for
human use that cure patients within just 1-3
months of therapy. This spectacular progress
represents the first persistent viral infection of
man to be curable. A key challenge of the future
remains to deliver these currently expensive
drugs to all of the 100 million or so estimated
global carriers of HCV.

HCV VACCINE

The history of infectious disease has taught us
that effective control of epidemics and their
elimination requires the use of sensitive diag-
nostics (and blood screening tests in the case
of blood-borne agents), curative and safe
therapeutics, and implementation of effective
vaccination. We have had efficient and cheap
diagnostics and antibiotics for chlamydia, syph-
ilis, and gonorrhea for many decades but still
have epidemics today in the absence of vaccines;
the only human virus infection to be eliminated
so far is smallpox, which has been accomplished
by global vaccination campaigns over many de-
cades. Therefore, the next big challenge for HCV
is to develop a vaccine, and developing at least a
partially effective vaccine seems feasible based
on the knowledge acquired over the last 20
years.

Protective natural immunity against HCV
has been shown in chimpanzees (Weiner et al.
2001; Lanford et al. 2004) and humans (Mehta
et al. 2002), and both cellular (Cooper et al.
1999; Gerlach et al. 1999; Grakoui et al. 2003;
Shoukry et al. 2003) and humoral (Lavillette
et al. 2005; Pestka et al. 2007; Meuleman et al.
2011; Morin et al. 2012) correlates of immunity
have emerged. Earlier concerns about neutraliz-
ing HCV antibodies being isolate-specific have
been assuaged by the demonstration of mono-
clonal antibodies that cross-neutralize the infec-
tivity of most HCV genotypes that occur around
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the world (Law et al. 2008; Keck et al. 2016) and
also by rodents (Stamataki et al. 2007), chim-
panzees (Meunier et al. 2011), and human vol-
unteers (Law et al. 2013) who were vaccinated
with the recombinant E1E2 heterodimeric en-
velope glycoproteins from a single isolate, but
who developed broadly cross-neutralizing anti-
bodies including those targeting important
discontinuous epitopes formed by the native
interaction of E1 with E2 (Wong et al. 2014).
Vaccines based on recombinant VLPs or recom-
binant E2 alone have also been shown to gener-
ate some of these cross-neutralizing antibodies
(Garrone et al. 2011; Vietheer et al. 2017; Chris-
tiansen et al. 2018; Wang et al. 2019).

Interestingly, HCV is associated with high-
density lipopoproteins, which stimulate infec-
tion via enhanced interactions with the HCV
receptor, SRB1, in turn rendering the virus less
sensitive to neutralizing antibodies (Bartosch
et al. 2005; Dreux et al. 2006; Voisset et al.
2006). Furthermore, HCV is secreted via the
apolipoprotein pathway and is found associated
and exchanging with various low-density apoli-
poproteins, which again reduces the efficacy of
neutralizing antibodies via enhancement of vi-
rus infection through interaction with cell sur-
face heparan sulfate proteoglycans (Meunier
et al. 2005; Yang et al. 2016; Bankwitz et al.
2017). In addition, neutralizing antibodies are
slow to appear in infected individuals (Chien
et al. 1993; Logvinoff et al. 2004), possibly as a
result of its complexed lipoprotein viral struc-
ture. By the time high-affinity, cross-neutralizing
antibodies appear, the process of immunological
exhaustion and anergy of the cellular immune
response to the virus may have already occurred
(Fuller et al. 2013). Although neutralizing anti-
bodies can still play a protective role in HCV
infection, the above factors may explain why
HCV is such a persistent virus, unlike HAV
and HBV, and also encourages vaccine strategies
that prime immunological B- and T-cell memo-
ry, leading to rapid anamnestic responses fol-
lowing exposure to virus.

It should be noted that assays for HCV-neu-
tralizing antibodies took a long time to emerge,
owing to the great difficulty of growing HCV in
cell culture. To circumvent this problem, initial

assays for neutralizing HCV antibodies first be-
came feasible through the successful production
of HCV/HIV pseudoparticles (HCVpp) able to
infect human hepatoma cell lines (Bartosch et al.
2003; Hsu et al. 2003). Later, the laboratory of
Takashi Wakita and others developed the first
cell culture infectivity system using a genotype
2a cell-cultured virus (HCVcc) able for the first
time to undergo the complete virus replication
cycle in vitro (Lindenbach et al. 2005; Wakita
et al. 2005; Zhong et al. 2005). This still remains
the best system for propagating HCV in vitro.
Such systems have been used to identify the se-
quential set of essential cellular receptors re-
quired for viral entry as well as the use of the
apolipoprotein secretory pathway for HCV
egress from the cell (Scheel and Rice 2013;
Paul et al. 2014). Jens Bukh’s laboratory then
developed chimeric HCVcc’s substituting E1E2
genes from many other genotypes, which al-
lowed an assay for cross-neutralizing antibodies
against native HCV infectious virions derived
from all the major genotypes (Galli et al.
2013). A highly novel chimeric mouse model
for HCV using transplanted human hepatocytes
has also been of great value in showing the pro-
tective efficacy of passively immunized mono-
clonal and polyclonal cross-neutralizing anti-
bodies (Mercer et al. 2001; Law et al. 2008;
Meuleman et al. 2011; Keck et al. 2016).
Recombinant E1E2 vaccine remains the
only HCV vaccine candidate shown to sub-
stantially reduce the chronic carrier rate in vac-
cinated chimpanzees following experimental
challenge with either homologous or heterolo-
gous genotype la viral strains (Choo et al. 1994;
Houghton and Abrignani 2005; Houghton
2011), which predominate in North America
and elsewhere. In addition, a vaccine eliciting
only cellular immune responses (CD4" and
CD8") against HCV is in late-stage phase 2 ef-
ficacy trials in intravenous drug users in the
United States (Swadling et al. 2014). Greater ef-
fort and resources need to be applied to vaccine
strategies in the future before we can expect to
effectively control this global HCV epidemic in
high-risk individuals such as intravenous drug
users, men who have sex with men, health-care
workers frequently exposed to blood, and babies
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born to positive mothers and in developing
countries that still experience a high prevalence
and incidence of HCV infection.

CONCLUDING REMARKS

Good progress has been made in preventing
hepatitis C since the discovery of the virus in
1989. We have good diagnostics that have elim-
inated the threat of posttransfusion HCV
around the world and that are used to monitor
eradication of the virus in treated patients. HCV
DAAs, which cure most patients independent of
HCV genotype within a few months of oral ad-
ministration and with few side effects, have now
supplanted the use of type 1 interferon-based
therapies. It will be important in the future to
deliver these expensive drugs to all HCV carriers
around the globe, which will first require diag-
nosis of all HCV carriers. Vaccine and immu-
nology research indicate the feasibility of pro-
ducing at least a partially effective HCV vaccine.
Given that the history of infectious disease has
taught us the crucial need for an effective vac-
cine in controlling global epidemics like HCV, it
will be very important to deliver a global HCV
vaccine in the future.
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